This study uses a torsional split-Hopkinson bar to investigate the shear response and fracture characteristics of unweldable Al-Sc alloy during mechanical testing at shear strain rates of 800 s À1 , 1500 s À1 , 2200 s À1 and 2800 s À1 and temperatures of À150 C, 25 C and 300 C. The experimental results show that both the shear strain rate and the temperature have a significant effect on the shear properties of the Al-Sc alloy. At a constant temperature, the shear stress, fracture shear strain, work hardening rate, yielding shear strength, work hardening coefficient, strain rate sensitivity and temperature sensitivity all increase with increasing strain rate. However, inverse tendencies are observed with increasing temperature at a constant strain rate. It is found that the Kobayashi and Dodd constitutive equation provides accurate predictions of the high strain rate shear plastic behaviour of unweldable Al-Sc alloy. SEM fractographic observations reveal that the fracture surfaces are characterized by a dimple-like structure. The density of the dimples increases with increasing strain rate at a constant temperature or with increasing temperature at a constant strain rate. SEM observations indicate that specimen fracture initiates at the interface of the matrix and the Al 3 Sc precipitates. Finally, twisted shear bands are observed on the equatorial plane of the gauge length section of the deformed specimens. The microhardness of these shear bands increases with increasing strain rate, but decreases with increasing temperature.
Introduction
Aluminum-Scandium (Al-Sc) alloys have excellent mechanical properties at room temperature as a result of the presence of a high number of elastically hard and coherent Al 3 Sc precipitates. [1] [2] [3] The room temperature strength of AlSc alloys is much higher than that of other Al alloys on an atom-by-atom basis. Furthermore, at high temperature, scandium is notably different from other common aluminum alloying elements 4) in that it produces very fine, thermodynamically-stable, coherent Al 3 Sc precipitates. 5, 6) As a result, scandium-based aluminum alloys can be used at far higher temperatures than conventional alloys. The detailed precipitation kinetics and strengthening properties of Al-Sc binary alloys have been systematically studied in the literature. 6, 7) Due to their improved properties at cryogenic, ambient and elevated temperatures, Al-Sc alloys are widely used in the fabrication of structural components for marine, sports, transportation, aerospace and cryogenic applications. 8, 9) However, during their fabrication or subsequent service lives, these structural components are commonly subjected to high strain rate loading and severe temperature fluctuations. Therefore, in identifying potential new applications for Al-Sc alloys, it is necessary to understand their deformation behaviour under a range of strain rates and temperature conditions.
It is known that the deformation behaviour of many engineering materials is strongly dependent on the strain rate and the temperature. Many experimental investigations have been performed to clarify the effect of strain rate and temperature on crystal structures, including f.c.c. metals (e.g. aluminum and its alloys, copper), h.c.p. metals (e.g. titanium and its alloys, Ti-6Al-4V, beryllium), and b.c.c. metals (e.g. plain carbon steels, molybdenum niobium). [10] [11] [12] [13] [14] [15] [16] In general, the results have shown that for a given plastic strain and temperature, the flow stress is linearly related to the natural logarithm of the strain rate for strain rates in the range of 10 À3 to 10 3 s À1 . These results are consistent with the predictions of plastic deformation theory for crystalline materials.
17) The experimental results have also shown that both the activation energy and the activation volume of crystalline materials generally increase with increasing temperature. Hence, the results of these experimental studies indicate the importance of taking the strain rate and temperature dependent nature of material deformation behaviour into account in the structural design process.
Al-Sc alloys have attracted increasing interest in recent years as a result of due to their exceptional performance over a wide range of temperatures and strain rates. The mechanical properties and microstructure of Al-Sc alloys under low strain rate conditions are well documented in the literature. 9, 18, 19) Experimental studies have shown that Al-Sc alloys have a high fatigue strength and an enhanced resistance to microcracking due to the presence of coherent Al 3 (Sc, Zr) precipitates and a very fine subgrain structure. [20] [21] [22] Various creep behaviours have been reported in AlSc alloys depending on the particular precipitate morphology and volume fraction. 7, 23) Some researchers [24] [25] [26] have reported an enhanced ductility in Al-Mg-Sc alloy rods with a fully recrystallized structure at high strain rates over a wide temperature range. Additionally, evidence of the Crowan hardening mechanism has been identified in Al-Sc alloys with different scandium contents following ageing at temperatures higher than 300 C. 27) However, despite the significant contributions of the studies introduced above, the literature contains very little information regarding the dynamic shear deformation behaviour of Al-Sc alloys in general, and unweldable Al-Sc alloys in particular. Accordingly, this study investigates the shear response and fracture characteristics of unweldable Al-Sc alloy during mechanical testing at shear strain rates ranging from 800 s À1 to 2800 s À1 and temperatures of À150 C, 25 C and 300 C, respectively.
Material and Experimental Procedure
The unweldable Al-Sc alloy investigated in this study was supplied by Taiwan Hodaka Technology Co. Ltd in the form of hot extruded bars. The mass% chemical composition of the alloy was reported to be 1.09%Si, 0.99%Mg, 0.97%Cu, 0.68%Zn, 0.66%Mn, 0.13%Sc, 0.1%Zr 0.1%Fe, and a balance of Al. The alloy was melted in a pit type electrical resistance furnace and the molten metal was then poured into a heated permanent mould measuring 80 Â 150 mm (diameter Â length). The cast ingot was homogenized at 480 C for 16 h and was then hot extruded by an indirect extrusion machine after heating at 500 C for 2 h to produce a bar with a diameter of 18 mm. The hot extruded bars were subsequently solution treated in an air furnace at 465 C for 60 min, water quenched at room temperature, and then aged naturally for 3 days. Finally, the bars were subjected to a two-step artificial aging treatment process at 105 C for 7 h and 150 C for 10 h, respectively. Figure 1(a) shows the optical microstructure of an undeformed specimen following the solution and aging treatments. Twin-flanged thin-walled tubular specimens with an outer diameter (OD) of 12 mm and a length of 11.5 mm were machined from the treated hot extruded bars. A central gauge section was produced by reducing the OD of the tube to 5.6 mm over a length of 1.5 mm. Figure 1 (b) presents a schematic illustration of the final tubular specimen with an inner diameter of 5 mm and a 0.3 mm wall thickness in the central gauge section. Circular flanges were machined at either end of the gauge section to allow the specimen to be attached to the incident and transmitted bars of the splitHopkinson torsional bar system. Dynamic shear tests were performed at strain rates of 800 s À1 , 1500 s À1 , 2200 s À1 and 2800 s À1 , respectively, at temperatures of À150 C, 25 C and 300 C. The high specimen temperature of 300 C was achieved using a clamped shell radiant-heating furnace with an internal diameter of 20 mm and a heating element of length 21 mm. Meanwhile, the low testing temperature of À150 C was obtained using a refrigeration system positioned around the specimen. Liquid nitrogen and alcohol were added to this system at the beginning of the tests and were periodically replenished in order to maintain a constant fluid level. In all cases, the specimen temperature was monitored using a K-type (Chromel/Alumel) thermocouple with an accuracy of AE2 C attached directly to the specimen. Figure 2 presents a schematic diagram of the experimental apparatus. As shown, the specimen was positioned between the incident bar and the transmitted bar of the spit-Hopkinson torsional bar system. The two bars had a diameter of 12.7 mm and a length of 1000 mm and were both machined from 7075-T6 aluminum alloy. The end-face geometries of the two bars were machined to mate with the flanges at the two ends of the specimen. During testing, the incident bar was held in place by a clamp while a torque was applied to its free end via a driving device and a gear box. The clamp was then quickly released causing an incident torsional strain pulse to travel along the bar towards the specimen. At the interface between the incident bar and the specimen, part of the pulse was transmitted through the specimen to the transmitted bar while the remainder was reflected back along the input bar. The amplitudes of the incident, reflected and transmitted pulses were measured using strain gauges mounted on the incident and transmitted bars, respectively. In accordance with onedimensional elastic wave propagation theory, the average shear stress, strain, and strain rate of the specimen were calculated as:
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where and are the shear stress and shear strain, respectively, r is the radius, L is the effective length of the specimen, J is the polar moment of area, C is the shear wave velocity, G is the shear modulus, and subscripts b and s indicate the bar and the specimen, respectively. Note that r s indicates the distance between the centerline of the thinwalled tube and the midpoint of the tubular wall and hence s and s denote the values of the shear stress and shear strain at a point midway through the tubular wall. Finally, the amplitudes of the reflected and transmitted strain pulses are denoted by r and t , respectively. Microstructural characterization of the undeformed and deformed specimens was carried out using an Axiovert 200MAT optical microscope. The undeformed specimens were taken from the transverse section of the extruded bar, while the deformed specimens were sectioned parallel to the longitudinal axis of the thin-walled tube. Both the undeformed and the deformed specimens were polished using standard metallographic techniques and were then etched with Keller's reagent (HF 1 mL, HNO 3 5 mL and H 2 O 190 mL). The Vickers microhardness across the localized shear band and the matrix was measured on a polished section of the gauge length area of the deformed specimen using a Matsuzawa MXT 70 microhardness tester with a 100 g load. The microhardness value of each specimen was computed by taking the average of three independent measurements. Finally, fractographic analyses were conducted using a JEOL JXA-840 scanning electron microscope (SEM) operating at an accelerating potential of 20 kV. Figure 3 (a) presents the shear stress-strain curves of the unweldable Al-Sc alloy deformed at strain rates ranging from 8 Â 10 2 s À1 to 2:8 Â 10 3 s À1 and temperatures of À150 C, 25 C and 300 C, respectively. In general, the results confirm that the shear flow behaviour of the Al-Sc alloy is strongly affected by both the strain rate and the temperature. For a given temperature, the shear stress increases with increasing strain rate. However, under a constant strain rate, the shear stress decreases with increasing temperature. Comparing the changes induced in the shear stress by variations in the strain rate or the temperature, respectively, it is observed that the temperature has a greater effect on the shear stress than the strain rate. In all the tested conditions, the shear stress-strain curves exhibit a common trend, i.e. the shear stress increases with increasing strain rate until it reaches the point of maximum stress, corresponding to the fracture strain. However, as discussed below, major differences exist in the work hardening rate and fracture strain characteristics of the specimens under different strain rates and temperatures.
Results and Discussion

Shear stress-strain response
Figure 3(b) shows the variation of the fracture shear stress with the fracture shear strain as a function of the deformation strain rate and temperature. It can be seen that for a given temperature, the fracture strain increases approximately linearly with an increasing strain rate. This indicates that unweldable Al-Sc alloy has a good load carrying ability when loaded at high strain rates. However, for a given strain rate, the fracture strain reduces as the temperature is reduced. Figure 3 (c) illustrates the relationship between the work hardening rate and the temperature at various shear strains and strain rates. For a given strain rate and temperature, the work hardening rate decreases with increasing shear strain. However, under a constant shear strain and temperature, the work hardening rate increases with increasing strain rate. Furthermore, for each value of the strain and strain rate, the work hardening rate decreases significantly as the temperature increases. Figure 3 (a) has shown that the shear stress-strain behaviour of the current unweldable Al-Sc alloy is sensitive to both the strain rate and the temperature. The Ludwik relationship 28) provides a convenient means of describing this strain rate and temperature dependent behaviour, i.e.
where y is the yield stress, B is the strength coefficient, and n is the work hardening coefficient. Fitting the experimental data presented in Fig. 3(a) into eq. (4), the values of y , B and n can be obtained for each of the current experimental conditions. Table 1 summarizes the variations of y , B and n with the strain rate and the temperature. It is observed that all three properties increase with increasing strain rate for a given temperature. However, for a constant strain rate, the properties reduce with increasing temperature. Figure 4 (a) further examines the correlation between the yield stress and the strain rate by plotting the logarithmic yield stress as a function of the logarithmic strain rate. From inspection, it is found that for a given temperature, the shear stress is related to the strain rate by the power law ln y ¼ m ln _ þ ln C, where y is the yield stress, _ is the strain rate, C is the material constant and m is the strain rate sensitivity. Substituting the shear stress-strain data presented into Fig. 3 (a) to this power law, the relationships between the yield stress and the strain rate for the current unweldable AlSc alloy deformed under cryogenic, ambient and elevated temperatures have the following forms: 29) 0.0365 for tungsten, 30) and 0.122 for 304L stainless steel, 31) it is seen that the current unweldable Al-Sc alloy is more strain rate sensitive over the present experimental temperature range.
Effect and sensitivity of strain rate
The shear stress-strain curves in Fig. 3(a) demonstrate that both the strain rate and the temperature exert a fundamental effect on the shear deformation behaviour of unweldable AlSc alloy. The effects of the strain rate and the temperature can be seen more clearly by plotting the flow stress as a function of the logarithmic strain rate at a constant temperature. Figure 4 (b) shows the variation of the shear stress with the logarithmic strain rate at shear strains of 0.1 and 0.2, respectively, for specimens deformed at temperatures of À150 C, 25 C and 300 C. At each temperature, the shear stress increases linearly with increasing strain rate. It is observed that the shear stress increases particularly rapidly in the specimens deformed at the lowest temperature of À150 C. It is also seen that the enhancement of the shear stress with increasing strain increases with decreasing temperature. The strong dependence of the shear stress on the temperature and logarithmic strain rate suggests that the deformation mechanism in the specimen is a thermally activated process.
The enhancement of the shear stress induced by an increased strain rate at each test temperature can be estimated from the following strain rate sensitivity parameter:
where the shear stresses 2 and 1 are obtained in tests conducted at constant strain rates of _ 2 and _ 1 , respectively, and are calculated at the same value of the shear plastic strain. Figure 4(c) illustrates the variation of the strain rate sensitivity as a function of the shear strain, strain rate and temperature. For a given temperature, it can be seen that the strain rate sensitivity increases with an increasing shear strain and strain rate range. The dependence of the strain rate sensitivity on the shear strain and strain rate is particularly pronounced in the specimens deformed at a temperature of À150 C. At a constant shear strain and strain rate, the strain rate sensitivity decreases with increasing temperature. The difference in the strain rate sensitivity of specimens deformed under different strain rates and temperatures implies that the change in flow stress observed at different strain rates and temperatures is the result of the competing effects of work hardening and thermal softening processes.
Effect and sensitivity of temperature
According to Fig. 3(a) , the shear stress of unweldable Al- Sc alloy is affected not only by the strain rate, but also by the temperature. Figure 5 (a) illustrates the temperature dependence of the flow stress in specimens deformed at different strains and strain rates. It is seen that for a given strain and strain rate, the shear stress decreases dramatically with increasing temperature. Comparing the variation in shear stress caused by an enhanced strain rate (see Fig. 4 (b)) with that caused by an augmented test temperature (see Fig. 5(a) ), it is evident that the temperature has a greater effect on the shear stress than the strain rate. Therefore, it can be concluded that under high strain rate and high temperature loading conditions, the flow resistance is dominated by a thermal softening. A quantitative assessment of the temperature dependency of the flow stress can be obtained using the following temperature sensitivity parameter:
where the shear stresses 2 and 1 are obtained in tests conducted at constant temperatures of T 2 and T 1 (¼ 25 C), respectively, under the same strain rate. Substituting the shear stress-strain data plotted in Fig. 3(a) into eq. (6), the temperature sensitivity can be calculated for the current experimental strain rate and temperature conditions. Figure 5 (b) plots the temperature sensitivity against the shear strain for specimens deformed at strain rates between 8 Â 10 2 s À1 and 2:8 Â 10 3 s À1 at temperatures within two different temperature ranges, i.e. 25 C $ À150 C and 25 C $ 300 C, respectively. As shown, the temperature sensitivity in both temperature ranges increases with increasing shear strain and strain rate. For a constant shear strain and strain rate, the value of the temperature sensitivity parameter is higher in the lower temperature range. Therefore, it is evident that the shear flow behaviour of unweldable Al-Sc alloy is particularly sensitive to temperature changes under low temperature loading conditions.
Activation volume and energy
From a physical perspective, the variation of the flow stress with the strain rate and the temperature is a result of different rate-controlling deformation mechanisms such as the thermal activation and dislocation viscous drag mechanisms. Assuming that the specimen deformation is controlled by a thermal activation mechanism, the activation volume, Ã , can be expressed as:
where ÁG Ã is the activation energy of the plastic deformation process, K is the Boltzmann constant, and T is the absolute temperature. Substituting the stress-strain data in Fig. 3(a) into eq. (7), the values of the activation volume can be calculated for the current experimental conditions, as shown in Table 2 . Note that in this table, the values of Ã are normalized with respect to b 3 , where b is the Burgers vector and has a value of b ¼ 0:286 nm for the current unweldable Al-Sc alloy. 35) For a given strain and strain rate, the activation volume increases rapidly with increasing temperature. However, under a constant temperature, the activation volume decreases with increasing strain rate and strain. The activation energy is given by:
where Ã is the activation volume obtained from eq. (7). Table 3 summarizes the value of the activation energy of the current unweldable Al-Sc alloy as a function of the shear strain, strain rate and temperature. It is observed that at each strain rate, the activation energy is considerable higher at 300 C than at either 25 C or À150 C. For a constant temperature, the activation energy decreases with increasing shear strain and strain rate. In a previous study, 33) the current authors reported that the activation energy of weldable Al-Sc alloy deformed at strain rates ranging from 8 Â 10 2 s À1 to 2:8 Â 10 3 s À1 at temperatures between À150 C and 300 C varied between 4 and 98 KJ/mol. This range is considerably broader than the range of 1.5-30 KJ/mol identified for the current unweldable Al-Sc alloy under the same strain rate and temperature conditions. Therefore, it is apparent that the composition of the Al-Sc alloy has a significant effect on the activation energy during dynamic shear deformation, i.e. the current unweldable Al-Sc alloy contains lower Zn, Cu, Mg and Zr, but higher Si and Mn than that of weldable Al-Sc alloy.
Deformation constitutive equation
The Kobayashi and Dodd constitutive equation has the following form:
where is the shear stress, r is the shear strain, n is the work hardening coefficient, _ is the strain rate, m is the strain rate sensitivity index, T is the temperature, and and c are constants. In eq. (9), n _ m represents the effects of strain and strain rate hardening, while (1 À cT), represents the effects of linear softening.
The total work done on the specimens can be calculated by evaluating the area under each of the shear stress-strain curves in Fig. 3(a) . The temperature rise induced in the specimen as a result of plastic deformation can then be calculated as a function of the strain under the assumption that a fraction of the total work done goes to heating the specimen, i.e. Áw % ÁQ ð10Þ
where Áw is the work done, ÁQ is the heat generated, is the shear stress, is the shear strain, is the material density (2.78 g/cm 3 ), Cv is the specific heat capacity (0.92 Jg À1 per C) and ÁT is the temperature rise. Table 4 summarizes the temperature rise induced in the specimens during deformation under the current experimental conditions under the assumption that all the work done is converted to heat (i.e. ¼ 1). 38) It is found that the value of the temperature rise increases with increasing strain and strain rate, but decreases Table 3 Variation of activation energy with strain, strain rate and temperature.
Temperature Strain Rate Activation energy Q (kJ/mole) Table 4 Temperature rise induced in specimens deformed at different strains, strain rates and temperatures. with increasing temperature (Table 4) . Substituting the shear stress-strain data in Fig. 3(a) into the constitutive equation in eq. (9) and replacing the temperature term T with the modified temperature expression T ¼ T 0 þ ÁT, where T 0 is the test temperature and ÁT is the temperature rise induced by plastic deformation, the material constants in the constitutive equation are determined to be B ¼ 112:5 (MPaÁs), n ¼ 0:129, m ¼ 0:192 and c ¼ 10 À3 K À1 for the present unweldable Al-Sc alloy. Figure 6 compares the experimental dynamic shear stress-strain curves for different strain rates and temperatures with the corresponding curves predicted from the Kobayashi and Dodd constitutive equation. It is evident that a good agreement exists between the two sets of curves. Hence, it can be inferred that the Kobayashi and Dodd constitutive equation provides a reasonable description of the shear deformation response of unweldable Al-Sc alloy.
Fractographic observations
The fracture features of the deformed specimens were examined by scanning electron microscopy. Figures 7(a) -7(d) present low magnification SEM images of specimens deformed at different strain rates and temperatures. In every case, it is observed that an intense flow localization occurs in the central region of the gauge section. Observing the equatorial plane of the specimen, it is found that the material in the gauge section zone is twisted into distinct band-like features. The level of distortion degree and the width of the shear deformation area depend on the strain rate and the temperature. Figures 7(a) and 7(b) show the fracture features of specimens deformed at room temperature (25 C) at strain rates of 1:5 Â 10 3 s À1 and 2:8 Â 10 3 s À1 , respectively. It can be seen that both the level of distortion and the width of the shear deformation zone increase with increasing strain rate. A similar tendency is observed in the specimens deformed at temperatures of À150 C and 300 C under the same strain rates of 1:5 Â 10 3 s À1 and 2:8 Â 10 3 s À1 , respectively. Figure 7 (c) presents a low-magnification view of the fracture features of a specimen deformed at a temperature of À150 C and a strain rate of 1:5 Â 10 3 s À1 . Comparing the fracture features of the specimen in Fig. 7(c) with those of the specimen in Fig. 7 (a) (deformed at the same strain rate but at room temperature), it is found that the fracture surface is flatter and the shear deformation zone narrower in the specimen deformed at À150 C, indicating a lower deformability of the Al-Sc alloy under cryogenic conditions. In contrast, as shown in Fig. 7(d) , both the degree of distortion and the width of the shear deformation zone increase under high temperature (300 C) and high strain rate (2:8 Â 10 3 s À1 ) loading conditions. This effect is particularly apparent when comparing the fracture features shown in Fig. 7(d) with those in Fig. 7(b) , in which the specimen is deformed at the same strain rate (2:8 Â 10 3 s À1 ) but at room temperature. The results imply that thermal softening effects dominate the strain hardening and strain rate hardening mechanisms when unweldable Al-Sc alloy is deformed at high temperature.
The flow angle in the specimens is obtained by measuring the angular defection, , within the shear localization region. Figures 7(e) and 7(f) present representative images of the optical distortion morphology and angular deflection () in specimens deformed at 1:5 Â 10 3 s À1 and À150 C and 2:8 Â 10 3 s À1 and 300 C, respectively. Based on the measured angular deflection, the local shear strain ( _ ) near the centre of the shear band can be estimated from ¼ tan .
10) The obvious difference in the distortion morphologies in Figs. 7(e) and 7(f) suggests that the degree of plastic deformation in the deformed shear bands of the two specimens will also be very different and will result in a difference in the microhardness of the two shear bands. Table 5 summarizes the flow angle, local shear strain and microhardness properties of unweldable Al-Sc alloy specimens deformed at different temperatures and strain rates. It is observed that at a constant temperature, the distortion angle, local shear strain and microhardness all increase with increasing strain rate. Furthermore, for a given strain rate, the flow angle and local shear strain increase with increasing temperature, but the microhardness decreases. It is noted that the maximum local shear strain within the shear band is significantly higher than the normal strain observed in Fig. 3(a) .
Figures 8(a) and 8(b) show typical fracture surfaces of specimens deformed at room temperature (25 C) under strain rates of 1:5 Â 10 3 s À1 and 2:8 Â 10 3 s À1 , respectively. The fracture surfaces are characterized by elongated dimple structures, indicating a ductile transgranular failure mode as a result of intensive localized shear deformation. Comparing the fracture surfaces in the two figures, it is seen that the density of the dimples increases with increasing strain rate. This suggests that the ductility of unweldable Al-Sc alloy increases under a higher strain rate. As for the case of 25 C the strain rate is found to exert a similar effect on the fracture morphology and dimple density at deformation temperatures of 300 C and À150 C under strain rates of 1:5 Â 10 3 s À1 and 2:8 Â 10 3 s À1 , respectively. However, different fracture features are observed in the specimens deformed at different temperatures under a constants strain rate. In Fig. 8(c) , which shows the fracture features of a specimen deformed at 300 C and a strain rate of 1:5 Â 10 3 s À1 , the fracture surface contains elongated dimples, typical of ductile fracture. Comparing the fracture features in Fig. 8 (a) with those in Fig. 8(c) , it is found that for a constant strain rate, both the density and the depth of the elongated dimples increase with increasing temperature. This indicates an improvement in the fracture strain under high temperature loading. As shown in Fig. 8(d) , which shows the fracture surface of a specimen deformed at a low temperature of À150 C and a strain rate of 2:8 Â 10 3 s À1 , low temperature deformation results in a flatter fracture surface characterized by both cleavage and dimple-like structures. Comparing Figs. 8(d) and 8(b) , in which both specimens are deformed at a strain rate of 2:8 Â 10 3 s À1 , it is found that the depth and density of the dimples reduce significantly when deformation is performed at cryogenic temperature. Hence, it can be inferred that for deformation at a constant strain rate, the ductility of unweldable Al-Sc alloy reduces as the temperature is reduced. The high density of Al 3 Sc precipitates in the current unweldable Al-Sc alloy has a significant effect on its fracture behaviour. The SEM images presented in Figs. 8(e) and 8(f), relating to specimens deformed at a strain rate of 2:8 Â 10 3 s À1 and temperatures of À150 C and 300 C, respectively, reveal that fracture initiation and microcrack nucleation result from a decohesion effect at the matrixprecipitate interfaces. The nucleation, propagation and eventual coalescence of these micrcracks results in the formation of a continuous fracture surface, leading to the eventual catastrophic failure of the specimen.
Conclusions
Using a torsional split-Hopkinson bar apparatus, this study has investigated the shear response and fracture characteristics of unweldable Al-Sc alloy deformed at cryogenic, ambient and elevated temperatures under high strain rates. The results have shown that the yield stress and shear stress of the alloy increase with increasing strain rate, but decrease with increasing temperature. The fracture strain increases with increasing strain rate and temperature. The work hardening rate increases as the shear strain and strain rate are increased or as the deformation temperature is decreased. The strain rate sensitivity and temperature sensitivity increase with an increasing strain rate range or a decreasing temperature. The activation volume and activation energy both increase with increasing temperature, but decrease with increasing strain rate. The activation energy of the unweldable Al-Sc alloy varies between 1.5 and 30 KJ/mol. The stress-strain curves predicted from the Kobayashi-Dodd constitutive model are in reasonable agreement with the experimental results. The Al-Sc specimens fail as a result of an intensive flow instability caused by the formation of shear bands. The distortion angle and the magnitude of the local shear strain within the shear band both increase with increasing strain rate and temperature. The microhardness of the shear band increases with increasing strain rate, but decreases with increasing temperature. The fracture features indicate a ductile transgranular failure mode. As the strain rate and temperature increase, the density and depth of the elongated dimple structures on the fracture surface increase, leading to an improvement in the fracture strain. SEM observations indicate that microcracks initiate at the matrixAl 3 Sc precipitate interface in the shear band region. The subsequent propagation and coalescence of these microcracks result in the eventual failure of the specimen.
